ABSTRACT: Since the proposal of Anfinsen's thermodynamic hypothesis in 1963, our understanding of protein folding and dynamics has gained significant appreciation of its nuance and complexity. Intrinsically disordered proteins, chameleonic sequences, morpheeins, and metamorphic proteins have broadened the protein folding paradigm. Here, we discuss noncanonical protein folding patterns, with an emphasis on metamorphic proteins, and we review known metamorphic proteins that occur naturally and that have been engineered in the laboratory. Finally, we discuss research areas surrounding metamorphic proteins that are primed for future exploration, including evolution, drug discovery, and the quest for previously unrecognized metamorphs. As we enter an age where we are capable of complex bioinformatic searches and de novo protein design, we are primed to search for previously unrecognized metamorphic proteins and to design our own metamorphs to act as targeted, switchable drugs; biosensors; and more. I ntroductory biochemistry courses teach that a given protein sequence typically folds into one lowest-energy threedimensional structure. This paradigm is attributed to Anfinsen, who postulated that under native conditions, the threedimensional structure of a protein is the one in which the entire system has the lowest Gibbs free energy. Contributions to the Gibbs free energy of protein folding include both entropic and enthalpic effects such as solvent expulsion, van der Waals forces, hydrophobic effects, and charge−charge interactions. This led Anfinsen to the hypothesis that a protein, in favorable conditions, will fold consistently into a native state structure that is effectively encoded in its amino acid sequence.
I ntroductory biochemistry courses teach that a given protein sequence typically folds into one lowest-energy threedimensional structure. This paradigm is attributed to Anfinsen, who postulated that under native conditions, the threedimensional structure of a protein is the one in which the entire system has the lowest Gibbs free energy. Contributions to the Gibbs free energy of protein folding include both entropic and enthalpic effects such as solvent expulsion, van der Waals forces, hydrophobic effects, and charge−charge interactions. This led Anfinsen to the hypothesis that a protein, in favorable conditions, will fold consistently into a native state structure that is effectively encoded in its amino acid sequence. 8 A supposition commonly derived from Anfinsen's assertion is that each globular protein has only one native structure. This view reflects the nature of the most commonly employed structure determination techniques and the constraints they impose. X-ray crystallography, for instance, requires protein in the form of a single, diffractible crystal. Virtually all solved structures therefore exhibit one global conformation, reinforcing the idea that the native state is defined by a single folded configuration. By extension, it has been believed that each protein's single three-dimensional structure evolved to better serve a single biological function.
Advances in biochemical, biophysical, and computational techniques over the past 25 years have revealed several departures from the "one sequence, one structure, one function" canon, as detailed in Figure 1 . In terms of function, it is now clear that many proteins "moonlight," performing multiple functional roles that seem otherwise unrelated. Many moonlighting proteins have been identified, 4, 9 and the MoonProt database (moonlightingproteins.org) provides a curated catalog. 10 Moreover, nuclear magnetic resonance spectroscopy (NMR)-based and computational studies have demonstrated that each protein sequence can have considerable structural plasticity, such that the "one sequence, one structure" dogma does not capture the complex nature of a protein's structure. In fact, this flexibility is an intrinsic feature that contributes directly to the biological function of many proteins. 11 The original protein folding paradigm has broadened considerably as a result, such that internal dynamics and conformational flexibility are necessary elements in a description of the native state. New categories that expand the protein folding universe include chameleonic sequences, intrinsically disordered proteins, morpheeins, and metamorphic proteins.
In this review, we consider each of these classes and discuss how our understanding of protein folding has expanded in recent years. Because folding of prions and amyloidogenic proteins, for which the transition to a misfolded aggregate is typically irreversible, is well documented, we limit the scope of this review to systems that exhibit equilibrium folding rearrangements. Instead, our focus is on metamorphic proteins and their implications in evolution, drug discovery, and protein engineering.
Intrinsically Disordered Proteins. The advent of molecular cloning and recombinant protein expression systems enabled the study of thousands of newly discovered genes and gene products. As the database of solved structures swelled, structural biologists recognized that some fraction of polypeptide sequences encoded in genomic DNA lacked the density of apolar amino acids needed to form a hydrophobic core and consequently had no intrinsic propensity to fold into a stable tertiary structure. Thermodynamically, this corresponds to an energy landscape in which no specific conformation has a significant margin of stability relative to the unfolded state.
Instead, the native state is characterized by rapid interconversion between states that include both extended random coil and more compact configurations. These proteins have come to be known as intrinsically disordered (or unstructured) proteins. In 1996, Kriwacki and co-workers described one of these proteins, p21, as lacking stable secondary or tertiary structure in the free solution state as shown by proteolytic mapping, circular dichroism spectroscopy, and NMR. 12 However, they also showed by NMR that p21 can bind and inhibit a cyclindependent kinase, whereupon it adopts an ordered conformation. This demonstrates that independent thermodynamically driven folding is not a requirement for biological function.
Within a few years of the first experimental descriptions of intrinsically disordered proteins, algorithms for the prediction of intrinsically disordered domains enabled systematic assessments of disorder in entire proteomes. 13 It was found that while some proteins are predicted to be completely unfolded, intrinsically disordered regions are more frequently predicted to be found in the context of larger multidomain proteins. In fact, large-scale bioinformatic analysis of animal and plant genomes predicted that most eukaryotic proteins consist of combinations of structured and unstructured regions. Rather than acting as inert linkers between folded domains, many unstructured regions participate in protein−protein interactions, post-translational modifications, or other functions that require conformational flexibility. In contrast to other categories of conformationally variable proteins discussed below, most intrinsically disordered protein sequences are unlikely to also exhibit spontaneous folding into one or more compact structured states in the absence of an interacting partner or other external driving force. Nevertheless, it is now clear that spontaneously folded domains and intrinsically disordered regions constitute the two fundamental classes of functional building blocks of proteins.
14 Chameleonic Sequences. The protein data bank has been mined several times for amino acid sequences that exist as either a helix or sheet in different structures, as shown in the chameleon section of Figure 1 . The first search, performed by Kabsch and Sander in 1983 , yielded 25 such pentapeptides from 62 protein structures. 15 The term chameleonic sequence was later introduced by Minor and Kim in 1996 upon engineering an 11-amino-acid sequence capable of folding as either an α-helix or a β-sheet depending on its position in the IgG-binding domain of Protein G (GB1). 2 Most recently, a 2015 search by Li and co-workers identified naturally occurring chameleonic sequences up to 10 residues in length. 16 In this study, 19 603 chameleonic sequences of 6−10 residues were discovered. Of those sequences, 20 were identified in pairs of proteins that share a common structure, and 12 were associated with specific biological functions, such as substrate binding or oligomerization. In a few cases, the chameleonic sequence was observed in different structures of the same protein. For example, a chameleonic sequence was found that folded differently in respiratory syncytial virus fusion protein's prefusion and postfusion structures. While short polymorphic peptides do not identify or define metamorphic proteins, chameleonic sequences are likely to be more abundant in metamorphic proteins, due to the requirement for adopting two or more folds. History of protein folding. In 1973, Anfinsen proposed his Thermodynamic Hypothesis: in the correct conditions, a protein sequence will consistently adopt its native state fold. 8 Shown here to represent this hypothesis is the paradigmatic protein folding funnel, 7 diagramming the way in which protein sequences proceed to occupy their lowest energy folded states. In 1984, Kabsch and Sander searched the structures of 62 proteins and found six five-residue chameleonic sequences, or identical sequences which can fold as either helix or sheet in the context of different flanking structures. 15 For example, shown here is part of mouse Disabled 1 and a peptide derived from mouse Disabled 2, which contain the same sequence (teal) that folds into a helix in one protein and a asheet in the other (PDB IDs 1P3R and 2LSW, respectively). 16 In 1988, Piatigorsky et al. discovered the first instance of Moonlighting in delta-Crystallin, a lens protein. 58 Shown for example is the well-known moonlighting protein aconitase, which functions as both a citric acid cycle enzyme and an mRNA binding protein. In 1996, Kriwacki et al. identified p21 as lacking a secondary or tertiary structure but remaining functional, making a strong case for the functionality of intrinsically disordered proteins. 12 Jaffe introduced the term morpheeins in 2005 to describe proteins that dynamically interconvert between oligomeric states, with state changes being coupled to dissociation of the subunits and changes in subunit structure. 3 The prototypical morpheein porphobilinogen synthase is shown as an example. In 2008, Murzin introduced the term metamorphic proteins, to describe a growing family of proteins that interconvert reversibly between two native folded states.
Morpheeins. Morpheeins represent another class of proteins with unique structural behavior. The morpheein model was first described by Jaffe in 2005 3 and is a current target of active exploration. 17, 18 Morpheeins occupy multiple distinct oligomeric states and transition between these states dynamically in solution. These transitions are coupled to dissociation into subunits, followed by a change in the structure of each subunit prior to reassociation. 3 The prototype morpheein porphobilinogen synthase (PBGS), a key enzyme in respiration and photosynthesis, occupies two oligomeric states: a high-activity octamer and a low-activity hexamer. 19 Interconversion between assemblies proceeds via dissociation to dimer, a change in conformation, and reassociation, as shown schematically in the morpheein section of Figure 1 . 3 A shift from hexamer to octamer is favored by increased concentrations of magnesium, an allosteric activator of PBGS. 19 While the unique oligomeric states of PBGS have different abilities to carry out the same task, other morpheeins' distinct assemblies perform different functions from one another. 20 For example, VP40 is a morpheein found in ebolavirus, whose three different assemblies each perform a distinct function in the viral life cycle. 20 In its dimer state, VP40 traffics to the cellular membrane, where electrostatic interactions trigger rearrangement into a hexamer. Hexameric VP40 then forms a multilayered, filamentous matrix structure that is important for budding. A third, octameric assembly regulates viral transcription in infected cells by binding to RNA.
The study of morpheeins provides unique opportunities for the development of targeted therapeutics. 17, 18 The equilibrium of different morpheein assemblies can be shifted by changes in temperature, pH, and ionic strength, as well as single point mutations. 18, 20 It follows that identification of small molecules that shift morpheein equilibria, likely by targeting allosteric sites, should be possible. Morpheeins' targetable allosteric sites are readily identifiable due to their shape-shifting mechanism of interconversion between oligomeric states, making them opportune targets for drug discovery. 17 Small molecules that shift the morpheein equilibrium to favor one oligomeric state could be designed to direct biologic outcomes, just as allosteric sites are increasingly popular targets for drug development.
Metamorphic Proteins. Metamorphic proteins spontaneously adopt two or more different native state structures. 1 The term "metamorphic proteins" was coined in 2008 by Murzin to describe this phenomenon. 1 Murzin defined a metamorphic protein as a single amino acid sequence that adopts multiple folded conformations under native conditions and interconverts reversibly between states. 1 An example is XCL1, a small secreted protein that adopts two diverse native state conformations with unique secondary and tertiary structures and interconverts between the two structures at a rate of ∼1 s −1 . 21 This definition thus excludes prions and amyloidogenic proteins, for which the transition to a misfolded aggregate is typically irreversible. It can be challenging to separate metamorphic proteins from the many others that undergo significant conformational changes. In this review, we cover proteins that have been described in the literature to date as being metamorphic. Initially viewed as an anomaly, numerous analyses suggest that metamorphic proteins may be more common than first expected, 1,22−26 and their unique biophysical properties have sparked growing interest. [22] [23] [24] 26, 27 As new metamorphic proteins are discovered, it is important to understand the biological role of each native conformation and explore methods to manipulate their function in useful ways.
The known naturally occurring metamorphic proteins have been discovered serendipitously. Other metamorphs likely occur in nature but remain unappreciated due to the predisposition of commonly used structure solving techniques to exclude one or more native states of a metamorphic protein. X-ray crystallography is a powerful approach for determining protein structure and has been used to solve about 90% of structures in the PDB. Crystallography works best with stable, homogeneous proteins, or with proteins that can be stabilized via mutagenesis, removal of flexible regions, or antibody binding. To the contrary, proteins that interconvert between several native states do not readily form diffractible crystals or are forced into a single structure via the above methods. Thus, while crystallography can be useful in the study of each folded state of a metamorphic protein individually, it is unlikely to discover novel metamorphs. Methods such as NMR spectroscopy that can capture dynamic information are better suited to the discovery and analysis of metamorphic native structures. Present day techniques to study proteins via NMR now include many pulse schemes to parse out dynamic properties and ensembles. It is useful to note that for many known metamorphic proteins, one can gain preferential access to one metamorphic native state at a time by altering solution conditions such as ionic strength, pH, and temperature, facilitating structural characterization by crystallography and NMR. In all, it is important to use a variety of complementary techniques to truly gain a full understanding of metamorphic protein structures and functions.
Combining experimental work with computational techniques can help to corroborate experimental data, generate models and hypotheses, and guide future efforts. Molecular simulations, such as molecular dynamics, provide information on the motion of a protein in solution and bear insight regarding specific residues that may be involved in facilitating metamorphic transitions. Additionally, bioinformatic techniques can be developed to facilitate searches for metamorphic proteins.
■ NATURALLY OCCURRING METAMORPHIC PROTEINS IscU. Iron−sulfur cluster protein U (IscU) is a scaffold protein for iron−sulfur cluster biosynthesis and delivery in E. coli. 28 As with other metamorphic proteins, IscU exists as an equilibrium of two folded states. IscU's two states slowly interconvert (k ex ≈ 1 s
) and are approximately equally populated under native conditions, although changes in pH and temperature can shift this equilibrium. 28 One state is largely structured with four α-helices and three antiparallel β-strands (S state). Unlike other metamorphic proteins described here, the other native state is dynamically disordered (D state). 28 IscU's S and D structures have been shown to preferentially interact with different proteins involved in the assembly or transfer of iron−sulfur clusters, suggesting that access to both conformations is required for full biologic function. 29 The D state preferentially binds to the cysteine desulfurase, which transfers sulfur to IscU. The S state preferentially interacts with chaperone proteins HscB and HscA, leading to eventual binding of IscU's D state and release of the bound iron−sulfur cluster. The two structures of IscU perform different functions but work in concert to facilitate a single process, similarly to Mad2 and XCL1. To facilitate comparison, key features of the metamorphic proteins described in this section are detailed in Table 1 .
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Reviews CLIC1. CLIC1 (chloride intracellular channel protein 1) is a chloride ion channel protein with two native folded states. 26 Like other metamorphic proteins, CLIC1 interconverts reversibly between these two structures; however, this transition occurs only in response to changes in its local environment. 26 Structural interconversion is driven by formation or breakage of an intramolecular disulfide bond (Cys24−Cys59) under reducing or oxidizing conditions. 26 CLIC1's soluble, monomeric conformation has an N-terminal α3+β4 structure and is preferentially populated in reducing conditions. 26 CLIC1's membrane-associated conformation has an all-α N-terminal domain and is preferentially populated in oxidizing conditions. 26 These two structures are shown in Figure 2 . In oxidizing environments, the all-α structure enters the membrane and oligomerizes, forming a transmembrane chloride ion channel. Whereas, under reducing conditions, CLIC1 occupies its soluble structure and cannot enter the membrane. Understanding of CLIC1's structure and dynamics provides a basis for the design of drugs that would regulate molecular transport across membranes by affecting structural interconversion.
RfaH. The E. coli elongation factor RfaH is part of the NusG family of transcription factors, which is conserved across all three domains of life (archaea, bacteria, and eukarya). 30 RfaH has two native states with different C-terminal structures that work together to regulate the coupling of transcription to translation. 31 RfaH's "closed" state has an all-α coiled-coil structure and an interdomain salt bridge, while the "open" state has an all-β structure and no salt bridge, as shown in Figure 2 . In the autoinhibitory closed state, the α-helical hairpin inhibits RfaH from binding to RNA polymerase (RNAP) and to the ribosome. Interaction with ops DNA sequences in the transcription complex causes the helical hairpin to dissociate from RfaH's N-terminal domain, exposing the RNAP binding domain and allowing the C-terminal domain to convert to occupy a β-barrel structure. This open, β-barrel state couples transcription to translation by simultaneously binding to RNAP and the ribosome. Thus, in wild type RfaH, interaction with DNA is required to allow the C-terminal domain to switch between structures. On the other hand, an engineered RfaH variant (E48S) exchanges between the open and closed conformations as discussed further below. 31 It was first hypothesized that RfaH was metamorphic in 2007, upon determination of its crystal structure. 32 Structures of RfaH's ancestor, the general transcription factor NusG, had previously been solved, showing that NusG's N-terminal structure closely resembles that of RfaH. 33 However, NusG's C-terminal structure is strikingly different from RfaH's, despite maintenance of statistically significant sequence similarity. 32 In their respective crystal structures, the NusG C-terminal domain occupies a β-sheet fold, whereas the RfaH C-terminal domain occupies its "closed" coiled-coil fold. 32 Interestingly, homology , the RfaH Cterminus was crystallized independently of the N-terminus but is shown here with the 2OUG N-terminus for reference. 31 While some of these metamorphic protein structures preferentially oligomerize in solution, they are all shown here as monomer subunits to enhance the clarity of structural comparison. IscU is not shown here due to the lack of a solved structure for the disordered (D) state. PDB IDs (left structure listed first): Rfah, 2LCL and 2OUG; CLIC1, 1RK4 and 1K0M; Arc, 1BDT and 1QTG; Mad2, 1DUJ and 1S2H; XCL1, 1J9O and 2JP1; Selecase, 4QHF and 4QHH. Abbreviations: CLIC1, chloride intracellular channel protein 1.
Reviews modeling showed that the sequence of the RfaH C-terminal domain could be integrated into the NusG C-terminal structure without energy minimization and without producing unfavorable contacts. 32 This led Artsimovitch and co-workers to hypothesize that the RfaH C-terminus was capable of occupying both a coiled-coil as well as the β-sheet fold seen in NusG, but the crystal structure had only captured one of its folded states. 32 In 2012, this was found to be true: upon dissociation from its N-terminal domain, the C-terminal domain of RfaH can indeed refold into a β-sheet. 31 This example offers promise to the approach of searching for more metamorphic proteins using evolutionary information (as discussed later) and suggests that while crystallography is unlikely to reveal metamorphic fold switching, it can still play an important role in the study of metamorphic proteins. Molecular dynamics simulations of RfaH interconversion highlight the utility of current computational approaches for understanding metamorphic fold switching. 34 Metamorphic folding of the RfaH C-terminal domain presents an illustration of how the evolution of metamorphic folding can alter protein function and introduce new regulatory mechanisms. 35 RfaH only transitions to its "open" state upon binding to ops DNA, thus restricting its activity to a narrow set of targets. In contrast, its ancestor NusG is always in an open conformation and does not show any DNA sequence specificity. Although both RfaH and NusG bind to RNAP, they have opposite functions: Rho-dependent termination is decreased by RfaH but increased by NusG. NusG is essential for cell survival, and if RfaH were always in its open conformation, it would bind more tightly to RNAP and outcompete NusG, leading to cell death. However, due to the metamorphosis-mediated regulation of RfaH binding to RNAP, cell survival is facilitated, allowing RfaH and NusG to coexist and execute their unique functions independently.
Selecase. Selecase is a metallopeptidase from Methanocaldococcus jannaschii that occupies three different C-terminal structures. These conformations are preferentially monomeric, dimeric, and tetrameric (called Slc-1, Slc-2, and Slc-4, respectively), and they exist in equilibrium. 36 Slc-1 has a Cterminal α-helix, which swings outward away from its core in the Slc-2 structure, facilitating oligomerization by allowing domain swapping of the C-terminal α-helix. In the Slc-4 structure, the C-terminal helix switches to occupy a β-sheet folded conformation. 36 The structures of Slc-1 and Slc-4 are compared in Figure 2 . In contrast to the metamorphic proteins, whose distinct conformations perform different functions, the Selecase monomer is active while the higher oligomers are inactive. 36 The use of metamorphosis as a mechanism for regulating activity levels is also seen with CLIC1. As the concentration of Selecase increases, the occupancy of the conformations that prefer to oligomerize increases. 36 In other words, the occupancy of the active monomer structure is highest (70%) when Selecase concentrations are lowest (below 0.15 mg mL
−1
). 36 Thus, unlike most enzymes, Selecase shows decreased activity at increased enzyme concentrations. 36 Mad-2. Mitotic Assembly Deficient 2 (Mad2), an essential cell cycle checkpoint for spindle assembly, has two native folded states: a closed state (C-Mad2) and an open state (OMad2). 37 These two structures have similar Gibbs free energies and exist in equilibrium under physiologic conditions, in about a 90:10 C-Mad2/ O-Mad2 ratio. 38 During interconversion between conformations, Mad2's C-terminal structure rearranges significantly, such that it is stabilized by an entirely different hydrogen bonding network. 37 The core and Nterminal structures (about 70% of the Mad2 sequence) largely maintain their secondary structural characteristics and hydrophobic packing. 39 Mad2's folded states interconvert spontaneously, but the interconversion is slower than that of XCL1 and IscU (t 1/2 ∼ 9 h). 37 Mad2, along with other proteins in the spindle assembly checkpoint (SAC), prevents the transition from metaphase to anaphase by targeting Cdc20. 40 C-Mad2 binds and traps Cdc20, while O-Mad2 does not. Still, it has been shown that the interaction of O-Mad2 and C-Mad2 is essential to sustain the SAC. 40 The reason for this is not clearly established, but it is thought to be partly due to preferential recruitment of soluble O-Mad2 to kinetochores, where it dimerizes with CMad2 and is converted to its active form. 40 Mad2's use of its two structures in concert to perform different parts of the same task makes it similar to IscU and XCL1. Due to its involvement in a wide variety of physiologic processes, Mad2 presents an interesting target and tool for drug discovery efforts.
XCL1. XCL1, also known as Lymphotactin, is a member of the XC family of chemokines. Under physiologic conditions, XCL1 exists as an equilibrium of two approximately equally populated native state conformations, which interconvert spontaneously. 41 XCL1's global conformational shift between structures occurs without ligand binding or significant environmental changes. 21 The two conformations populated by XCL1 are (1) the canonical chemokine structure, which exists in solution as a monomer and binds to XCL1's chemokine receptor XCR1, and (2) a four-stranded β-sheet that forms a dimer and binds to glycosaminoglycans (GAGs). 21 Full chemokine function in vivo requires chemokines to bind GAGs and to bind and activate G protein-coupled chemokine receptors, and most chemokines have a single native fold that can accomplish both of these tasks. 42 Because each conformational species of XCL1 performs only one of these essential roles, 21 its metamorphosis is likely required for full biologic activity. XCL1's diverse folded conformations also play unique roles in infection. The GAG-binding conformation is a broadspectrum inhibitor of HIV 43 and has antimicrobial activity, 44 whereas the receptor-binding conformation does not. XCL1's two native structures have entirely different tertiary and quaternary contacts that are stabilized by two mutually exclusive hydrogen bonding networks. 21 It is thought that interconversion between XCL1's two native states proceeds via global unfolding. 45 The two species interconvert on a time scale of ∼1 s −121,45 with a K eq of ∼1 under physiologic conditions (37°C, 150 mM NaCl). 45 When comparing the chemokine structure and β-sheet structure, there is a very small free energy difference (ΔG structure1−structure2 = 0.8 kcal/mol) between the two folded states. 45 Each of XCL1's native states are favored by certain environmental conditions, but these conditions are not required to stimulate interconversion. The chemokine structure is preferred at 10°C in high salt solutions, whereas the β-sheet structure is favored at 40°C in low salt solutions. 21 Additionally, XCL1 is a valuable model system by which to study metamorphic proteins. Engineered XCL1 mutants have been designed that lock it into its chemokine structure, β-sheet structure, and unfolded state, allowing us to better study its two conformations, and aiding us as we work toward a better understanding of which primary sequence traits are required for metamorphosis. 46 
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Reviews ■ ENGINEERED METAMORPHIC AND RELATED PROTEINS RfaH E48S. The E. coli transcription factor RfaH has two native folded states that do not spontaneously interconvert in solution but rather require changes in binding partners to undergo structural rearrangement. 31 When interacting with RfaH's N-terminal domain, the C-terminal domain is entirely helix. However, when the C-terminal domain is released from these interactions, it switches to occupy a β-barrel structure. These structures are shown in Figure 2 . A single amino acid substitution (E48S) RfaH variant has been engineered to populate both the α-helical and the β-barrel C-terminal folded states in equimolar equilibrium under physiologic solution conditions. 31 This variant undergoes a large-scale, reversible shift in the conformation of its C-terminal domain spontaneously in solution, while its N-terminal domain remains stable. 31 The E48S substitution breaks an intramolecular salt bond, which is present in wild type RfaH, allowing the Cterminal domain the freedom to adopt both conformations. 31 MD simulations performed for wild type RfaH and RfaH E48S showed that the E48S variant's C-terminal domain always sampled structures with greater root mean squared distance (RMSD) than the wild type's C-terminal domain. 47 In these simulations, the full α to β conformational switch was not observed, likely because the shift occurs on a slower time scale than the 2.1 μs length of the simulation. 47 Switch Arc. Arc is a repressor protein found in the Salmonella bacteriophage P22, which normally adopts a homodimer conformation that binds to DNA. 48 In 1999, the Sauer group created a "switch" mutant of Arc, in which Leu12, a hydrophobic core residue, is interchanged with Asp11, a polar surface residue. 48 This causes a dramatic shift in the fold of residues 8 to 14, in which a right-handed helix replaces a β-strand, accompanied by side chain repacking. The secondary structure of the sequence outside of this short region remains the same. Shortly thereafter in 2000, the Sauer group created another Arc mutant (N11L), which can interchange reversibly between the wild type arc fold and the switch arc fold freely in solution on the millisecond time scale. 49 The equilibrium between the two structures depends on temperature, solvent conditions, and ligand binding. 49 These findings illustrate the potential of a single point mutation to significantly alter protein folding, thus exemplifying how protein structures can shift greatly during evolution. Additionally, while the region of Switch Arc that switches conformations is relatively short, these studies provide a basis for future efforts to engineer larger metamorphic domains.
Protein G. In the 2000s, in order to better understand the evolution of protein fold and function, Bryan and co-workers set out to create two proteins with different structures and different functions but nearly identical sequences. Their model system was developed from the two binding domains of Streptococcus Protein G, G A and G B , which occupy a 3-α fold that binds to human serum albumin and a 4-β+α fold that binds IgG, respectively. Variants of G A and G B were generated that are 77% identical yet maintain their wild type folds and natural biologic functions. 50 With these variants as a starting point, a systematic search identified a single amino acid substitution that could trigger a complete shift in both folded state and function, without significant population of the unfolded state. 51 Specifically, a variant known as G A 98 occupies the 3-α structure (90% populated, pH 7.2, 20°C) and binds to human serum albumin. L45Y substitution yields a variant known as G B 98, which occupies the 4-β+α structure (90% populated, pH 7.2, 20°C
) and binds to IgG. Interestingly, G A 98 can also bind to IgG, suggesting that it samples the 4-β+α folded state, but this conformation was undetectable by NMR likely due to low occupancy. In other words, while this remains to be demonstrated, it is possible that G A 98 is metamorphic, but its second native state structure is not highly populated. It was later discovered that there are multiple different single amino acid substitutions at diverse positions throughout the sequence of G A 98 that can lead to a similar shift to the 4-β+α conformation. 52 This work demonstrated that short mutational pathways can result in dramatic changes in protein structure without any complete losses of function or structure along the way. It also provided insights that will be valuable to the pursuits of engineering metamorphic proteins and determining features that promote metamorphosis.
■ FUTURE DIRECTIONS, QUESTIONS, AND CHALLENGES Metamorphosis and Evolution. Multiple theories have been proposed to explain the role of protein metamorphosis in evolution. One possibility is that metamorphic proteins are evolutionary intermediates, caught in the process of evolving a new structure but not having yet evolved away from their previous structure. Complete fold switching during evolution has indeed been observed in certain proteins, dubbed evolutionary metamorphs, such as the Cro family of bacteriophage transcription factors. 53 Ancestral Cro family members have an N-terminal helix-turn-helix motif. 53 Some Cro family members have evolved an N-terminal α-helical fold; others, an N-terminal β-sheet fold. 53 The possibility of very few mutations to drive a complete shift in conformation is also demonstrated by the protein G studies detailed above. 51, 52 In such a case of evolutionary metamorphosis, it could be possible for a single sequence to adopt both structures before splitting off.
On the other hand, it is possible that metamorphic folding is an evolved trait that confers enhanced fitness. Metamorphosis can allow proteins to accomplish multiple functions or allow for novel regulatory mechanisms. Many known morpheeins and metamorphs, such as XCL1, 21 IscU, 28 and Mad2, 40 require access to both of their folded states for full biologic function. In other cases, metamorphosis functions as a regulatory mechanism. For example, Selecase is autoinhibitory at high concentrations due to its structure switching. 36 CLIC1 only adopts its membrane channel conformation in oxidizing conditions, 26 and RfaH only switches to occupy its RNAPand ribosome-binding structure upon interacting with specific DNA sequences. 31 Another way metamorphic character could enhance fitness is by increasing evolvability, the capability to produce heritable phenotypic modifications along evolutionary time. 6 A component of evolvability is innovability, or the ability to acquire large changes in fold and/or function via relatively few mutations. 54 Due to their flexible structures, low energy barriers between states, and shallower energy wells of their folded states, metamorphic proteins may be especially well prepared to further evolve new structures and functions as time goes on, making them especially innovable.
New-function mutations tend to destabilize the structures of proteins with a stable native conformation. 55 However, destabilizing mutations can be deleterious because they can lead to protein unfolding, aggregation, degradation, and loss of ACS Chemical Biology Reviews function.
55 Thus, after a destabilizing, new-function mutation, a stabilizing compensatory mutation is frequently necessary for the new-function mutation to be accommodated. 55 For metamorphosis to evolve, mutations that allow for fold interconversion would have to be destabilizing enough for interconversion to be possible, but not so much so that they could not be accommodated. This phenomenon could potentially be facilitated by chaperones. By achieving this optimum, perhaps protein metamorphs are also able to maintain their previous function while simultaneously developing a new function. These hypotheses about the evolution of protein metamorphosis are illustrated in Figure 3 . In all, the role of protein metamorphosis in evolution remains unclear. Further study of the emergence of metamorphic folding is needed to understand the frequency with which it contributes to neofunctionalization and to stimulate new directions for protein design and engineering.
Prospects for Drug Discovery. The metamorphic proteins described in this review participate in a variety of essential biological processes, including chemotaxis, 56 cell cycle regulation, 37 ion transport, 56 and regulation of transcription and translation. 31 In some cases, metamorphic proteins are presumed to interconvert between two distinct structures because each structure performs an important function. In fact, it has been shown that the full biologic function of several metamorphic proteins requires access to both of their native states. 21, 31, 40 Therefore, controlling the ability of metamorphic proteins to interconvert could be used as a biologic switch to temporally control critical cell processes often altered in disease. In other words, if one folded state is implicated in pathology, shifting the equilibrium to deplete the pathological isoform could be a powerful therapeutic strategy. Each folded state of a metamorphic protein can be expected to display a distinct set of sites that are potentially druggable. For example, a preliminary computational solvent mapping analysis of XCL1 predicted hotspots for ligand binding that were comprised of different sets of amino acids on its two native state structures. Thus, metamorphic proteins might represent at least two, nonequivalent drug targets within the same polypeptide sequence.
Engineered metamorphic proteins can be envisioned as molecular switches, self-assembling nanostructures, or selfmodulating catalysts. Metamorphic molecular switches could be designed such that their metamorphic equilibrium is shifted to favor an active structure exclusively in certain environments, such as in the presence of certain metal ions, temperature, or pH conditions. For example, a cancer therapy could be designed such that its toxic, active conformation is only populated in an acidic tumor environment, reducing side effects and improving efficacy. One could also imagine morpheeinlike 3 drugs, whose topological rearrangement is only triggered in certain environments, allowing for controlled switching between oligomeric states. Such drugs could be used to build nanostructures under certain conditions, or conversely, to disassemble and release a trapped drug in only the desired locations. Additionally, drugs could be designed to modulate their own catalytic activity via concentration-dependent shifts in structure and oligomerization state, similarly to Selecase. 36 Biosensors and other biologic tools could also be designed using these principles.
The Quest for Other Metamorphic Proteins. A search for new metamorphic proteins has the potential to yield productive and valuable results. So far, all known naturally occurring metamorphs have been discovered serendipitously. As discussed above, current structure determination techniques are unlikely to detect new metamorphic proteins, and many protein structures remain unsolved. Thus, it seems likely that additional metamorphic proteins remain undiscovered. Implementation of a PDB search for metamorphic proteins could lead us to find potential metamorphs. Some common characteristics of metamorphic proteins are already discernible and could aid in the determination of search criteria. For example, metamorphosis necessitates a sufficiently low energy barrier between the protein's two native states, or a barrier that can be reduced under certain conditions, to allow for dynamic interconversion in solution. This is facilitated when the free energy minima of the folded states are less negative, which can be in part due to the presence of flexible regions, for example, the flexible linker in RfaH, 1 the flexible tail of O-Mad2, 37 and Selecase's flexible C-terminal domain. 25 In theory, chaperones could facilitate metamorphic folding and interconversion, and chaperone involvement could be a useful search criterion. Additionally, while it has been assumed that moonlighting proteins perform multiple functions using the same native state, it is quite possible that some moonlighting is accomplished via protein metamorphosis. Moonlighting behavior may thus provide another appropriate criterion in initial searches for new metamorphs.
A recent report suggests that discrete molecular dynamics (DMD) calculations enriched with coevolutionary information might be used to identify proteins with a propensity for metamorphic folding. 57 The approach of Sfriso et al. requires the analysis of large multiple sequence alignments to identify pairs of coevolving sequence positions that are not in contact in the known structure. 57 Their premise was that each non-native New-function mutations tend to be destabilizing and are thus frequently followed by compensatory stabilizing mutations to improve overall "protein fitness." Protein metamorphosis requires a degree of stability that allows for adoption of stable conformations, while still permitting structural interconversion; here, this is labeled as the metastable zone. After a gain of function mutation, compensatory stabilizing mutations could allow stabilization to the degree that the protein is not unfolded or prone to aggregation but is not so stable that its previous function is lost. The dark gray line represents a potential evolutionary path of a protein that gains fitness with access to a second native state conformation. The lighter gray lines represent other possible evolutionary paths that would lead to evolution of 
Reviews coevolving pair could report on the existence of an alternative conformation in which the two amino acids are brought into contact. 57 Steered DMD simulations that incorporated the coevolutionary information were able to capture known alternative conformations in a majority of the 92 proteins evaluated in this manner. 57 The authors concluded that coevolving sequence positions provide useful clues to the potential for access to alternative conformations. 57 Since their existence is known, efforts to identify metamorphic proteins throughout the available genome are easily justified. Steady advances in computational power and molecular simulation methods will permit exhaustive search efforts. It will be exciting to observe the outcome of experimental analysis of new metamorphic protein candidates. We expect the results to raise new questions about protein evolution, propel innovative strategies for drug development, and stimulate the design and engineering of protein-based nanomaterials with switchable properties based on native state rearrangements.
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